We report a simple and cheap process for the synthesis of Si substituted LiMn 2 O 4 . The resulting materials are composed of partially sintered particles of 80 nm average size, corresponding to single crystalline phases with cubic spinel structures. The substitution of Mn(IV) by Si(IV) in the crystal framework changed the cell parameter and volume, and was confirmed by the evolution observed in the XPS and ESR measurements. A complete magnetic study was carried out. Due to the in-built magnetic frustration within the spinel structure and the competition between different exchange pathways, the insertion of different quantities of Si(IV) causes significant differences in the properties. The electrochemical study revealed that introducing a small amount of Si (IV) enhances the electrochemical performance of the spinel. The highest specific capacity and rate discharge capability were obtained for LiMn 1 . 95 Si 0.05 O 4 , while insertion of a higher amount of the tetravalent dopant caused deterioration of the electrochemical behavior.
Introduction
The lithium manganese oxide spinel, LiMn 2 O 4 , is currently one of the most popular cathode materials for Li-ion batteries due to its low cost, non-toxicity, the abundance of manganese resources, its facile production and excellent safety 1,2. LiMn 2 O 4 crystallizes in the Fd-3m space group with Mn (III) and Mn (IV) ions residing in the 16d octahedral sites and Li ions occupying 8a tetrahedral sites located in the tridimensional channels of the framework. Although LiMn 2 O 4 and its variants have many advantages, they still suffer from capacity fading during cycling. It is known that the capacity fading is caused by several factors such as manganese dissolution into the electrolyte 3 , Jahn-Teller distortion due to Mn (III) ions 4 and change in crystal lattice arrangement with cycling 5 . In order to overcome the capacity fade caused by the Jahn-Teller distortion, many authors have suggested substituting some of the manganese with trivalent or divalent cations in order to reduce the resultant Mn (III) content 6, 7 . There are number of reports on the influence of substitutions with many 3d transition and non transition metal ions [8] [9] [10] . However, the reduction of the amount of the active Mn (III) species decreases the maximum value of the capacity that can be reached in the 3.5-4.2 V range. Thus, it may be expected that replacing part of the manganese with a tetravalent dopant, suchs as Si (IV), could increase the stability of the spinel structure without decreasing the amount of Mn (III) active species, resulting in improved cycling. Previous studies of our group confirmed that inserting a small amount of Si (IV) in the structure resulted in more larger and more regular MnO 6 octahedra, which can more readily accomodate the Mn(III)-Mn(IV) redox change 11 .
Another important factor to be considered is the influence that particle size and morphology have on the electrochemical properties. In some cases, cathode material compounds prepared in nanostructured form exhibit enhanced electrochemical properties 12, 13 . Here, we have employed a freeze-drying synthesis procedure for Si substituted LiMn 2 O 4 , which, as well as being a cheap and easy method, can be implemented as part of an industrial process. This synthesis method has been already proved in our group to be useful to obtain nanosized cathodic materials with exceptional electrochemical performance 14, 15 .
We report the magnetic, spectroscopic and electrochemical characterization of the synthesized samples, establishing correlations between the composition, morphology and electrochemical performance.
Experimental Sample Preparation
LiMn table 1 ). The resulting dissolutions were subsequently frozen in a round-bottom flask that contained liquid nitrogen. Afterwards, the round-bottom flasks were connected to the freeze-dryer for 48 h at a pressure of 3·10 -1 mbar and a temperature of -80 ºC to sublime the solvent. The as-obtained precursors were subjected to a single heat treatment at 700 ºC during 4 h. Subsequently, the products were ball-milled for 30 minutes.
Characterization
Structural characterization of the samples was performed by powder X-ray diffraction with a Bruker D8 Advance Vario diffractometer using CuKα radiation. The obtained diffractograms were fitted using the FullProf program 16 . 4 . In addition, the rate capability of the materials was characterized through the acquisition of a "signature curve" (SC) 17 , obtained by a protocol that consists of an initial charge performed at 0.1C followed by a series of successive discharges at different rates, from highest (10C) to lowest (0.1C), with relaxation periods of 5 min and no charging step in between.
Results and discussion affected by the short spin-lattice relaxation times of Mn(III). As a result, as the Mn(III)/Mn(IV) ratio becomes larger, the peak to peak linewidth ΔH pp value also increases. 21 . Figure 7 shows the thermal evolution of χ m T of all the samples. In the case of the samples in this study, not only does the temperature value of the maximum in χ m change as Si (IV) is introduced, but also the shape of the ZFC curve. As the Si (IV) amount is increased the maximum of the ZFC curve broadens and becomes less pronounced. This effect can be ascribed to the increase of the effective spin of the magnetic system due to the higher ratio of Mn(III)/Mn(IV) as a result of the Si substitution. Note that Mn(III) is a S=2 ion and Mn(IV) a S= 3/2 ion, so that the S average value increases by decreasing the Mn(IV) amount. Accordingly, for systems with similar magnetic couplings, the temperature of the maximum χ m increases with S and the peak profile evolves in the same way than that observed for the present samples 27 . However, it is important to note that the insertion of the diamagnetic Si(IV) ion reduces the amount of the magnetic ions in the sample. Therefore, the magnetic coupling between manganese ions is partially hindered To evaluate the electrochemical performance lithium half-cells containing the spinels were discharged at a current rate corresponding to C/10 and 1C. Figure 8 (table 2) . The cycling performance is shown in figure 9 . After 100 cycles at 1C, the capacity retention for all compounds was high, close to 100%. The rate capability of the samples was evaluated using signature curves as described in reference 17. Cells were first charged to 4.3 V at 0.1C and discharged to 3.5 V at different rates, starting with the highest one, with five minute rests in between but no charging. The cumulative charge passed at each rate was taken as the capacity values for the given rate. 
Conclusions
The freeze-drying method is a useful and easily scalable synthetic procedure to obtain showed the best rate capability, with a specific capacity of 100 mAh/g at 10C.
